A multi-residue analytical method for 185 pesticides (including metabolites) in meat products was validated by the guideline of the Japanese Ministry of Health, Labour and Welfare. This method involved extraction with ethyl acetate-cyclohexane (1 : 1) and cleanup by gel permeation chromatography (GPC), and primary secondary amine (PSA) and silica-gel mini-column solidphase extraction (SPE). The target compounds were determined by gas chromatography/mass spectrometry (GC-MS) and liquid chromatography/mass spectrometry (LC-MS). Validation tests were performed on beef, chicken and pork muscles fortified at 0.01 and 0.10 mg/g. Among 185 pesticides tested, 175 in beef, 175 in chicken and 172 in pork were found to conform to the guideline when the solvent standard was used, and 181 in beef, 176 in chicken and 177 in pork when the matrix-matched standard was used. Although significant matrix effects were not observed for most pesticides, use of the matrix-matched standard was preferable for accurate quantitation to the solvent standard. Limits of quantitation (S/N Ն10) were set at 0.01 mg/g for all pesticides. The method was applied to the regulatory monitoring of meat products.
Introduction
The Japanese Ministry of Health, Labour and Welfare (MHLW) introduced a positive list system for agricultural chemicals in 2006, and established many maximum residue limits (MRLs) for not only agricultural products but also animal and fishery products. This led to a high requirement for the development of a multi-residue method that could analyze agricultural chemicals in animal and fishery products quickly and efficiently. In 2005 and 2006, MHLW developed a multi-residue method for agricultural chemicals in animal and fishery products using gas chromatography/mass spectrometry (GC-MS) and liquid chromatography/mass spectrometry (LC-MS).
1) However, the official method did not detect highly polar pesticides, such as acetamiprid, clothianidin, imidacloprid and thiamethoxam, as its analytical targets because the method targeted low and middle polar pesticides (log P ow are approximately more than 2) for analysis, considering their accumulation in adipose tissue. 2) In addition, some pesticides were difficult to detect because of interfering compounds from meat products; therefore, we improved the official method and developed a multi-residue screening method for meat products using GC-MS and LC-MS. 3) Many pesticides with a wide range of polarity were successfully extracted with ethyl acetate-cyclohexane (1 : 1), instead of acetone-nhexane (1 : 2) used in the official method. The interfering compounds were effectively eliminated by means of gel permeation chromatography (GPC), and primary secondary amine (PSA) and silica-gel mini-column solid-phase extraction (SPE). These procedures enabled acceptable recovery (50-140%, at 0.10 mg/g) and relative standard deviations (Ͻ20%) for most of the 185 pesticides used for screening analysis. In 2007, MHLW presented a guideline for the in-house validation of analytical methods for agricultural chemicals in food.
4) A large number of papers on the validation of the multi-residue method using this guideline have been reported, [5] [6] [7] [8] [9] [10] but there are few reports on the multi-residue method for pesticides in meat products. In this study, we evaluated the proposed method in accordance with the guideline to ensure its reliability. Among 185 pesticides tested (organophosphorous, 28; organonitrogen, 96; organochlorine, 29; N-methylcarbamate, 11; pyrethroid, 15; other, 6), 170 were found to meet the acceptance criteria of the guideline. The method was applied to 36 meat products and its utility was verified in routine analysis, and 170 pesticides could be analyzed quantitatively without marked interference.
Materials and Methods

Chemicals and reagents
Acetone, cyclohexane, ethyl acetate and diethyl ether (Wako Pure Chemical Ind., Japan), n-hexane (Kanto Chemical, Japan) were of pesticide analysis grade. Acetonitrile (Wako) used for LC-MS was of liquid chromatography grade, and the others were of analytical grade. As an internal standard (IS) solution, triphenylphosphate (TPP) (Wako) and 1-ethyl-3-phenylurea (EPU) (Frinton Laboratories, USA) were mixed at both 5 and 10 mg/ml with acetone-n-hexane (1 : 4). PSA mini-column: Isolute PSA, 500 mg (Biotage, Sweden) was conditioned with 10 ml acetone-cyclohexane (1 : 3); silicagel mini-column: Sep-Pak Vac RC Silica, 500 mg (Waters, USA) was conditioned with 10 ml n-hexane.
Pesticides and their metabolites were obtained from Wako, Kanto, and Hayashi Pure Chemical Ind. (Japan), Sigma-Aldrich (USA) and Dr. Ehrenstorfer (Germany). Individual stock standard solutions (250 mg/ml) were prepared with acetone, except for iprodione, which was prepared with n-hexane because of its instability. A working standard solution of each pesticide at 2 mg/ml was freshly prepared by dilution of the stock standard solutions with acetone. Solvent standard solutions for GC-MS analysis were prepared by evaporating the mixture of 0.1 or 1.0 ml working standard solution and 0.25 ml IS solution under a gentle stream of nitrogen, and dissolving with 4.0 ml acetone-nhexane (1 : 1). Solvent standard solutions for LC-MS analysis were prepared by evaporating 0.4 ml of each standard solution for GC-MS under a gentle stream of nitrogen, and dissolving with 0.2 ml acetonitrile. Matrix-matched standard solutions for GC-MS and LC-MS were prepared by evaporating blank sample extracts and dissolving with each concentration of solvent standard solutions.
Apparatus
Gel permeation chromatography (GPC) system
The G-Prep GPC8100 (GL Sciences, Japan) consisted of an autosampler, column oven, pump, fraction collector and UV detector. GPC separation was performed on an CLNpak EV-2000 AC column (300 mmϫ20 mm i.d.) with a CLNpak EV-G AC guard column (100 mmϫ20 mm i.d.; Showa Denko, Japan). Acetonecyclohexane (1 : 3) was used as the elution mixture at the flow rate of 5.0 ml/min.
GC-MS system
The Agilent 6890N gas chromatograph connected to an Agilent 5973 inert mass spectrometer (Agilent Technologies, USA) was used. GC separation was performed on an HP-5MS (30 mϫ 0.25 mm i.d., film thickness 0.25 mm; Agilent Technologies) with a guard column (ca. 50 cmϫ0.25 mm i.d., non-coating).
LC-MS system
The Agilent 1100 series liquid chromatograph, connected to the Agilent MSD SL mass spectrometer (Agilent Technologies) equipped with an electrospray interface (ESI) operating in both positive and negative ion modes, was used. LC separation was performed on an Ascentis C18 (100 mmϫ3.0 mm, 3 mm; SigmaAldrich) with an Inertsil ODS3 guard column (10 mmϫ3.0 mm, 3 mm; GL Sciences). Acetonitrile and 10 mM ammonium acetate aqueous solution were used as the mobile phase at a flow rate of 0.5 ml/min. In gradient-elution analysis, the first mobile phase was 15% acetonitrile, increased linearly to 95% in 16 min, and held at 95% for 9 min.
The operating conditions of GPC, GC-MS and LC-MS followed a previous paper.
3) Analytical information for GC-MS and LC-MS, such as the retention time and monitor ion of each pesticide, are shown in Supplemental Table S1-S2.
Sample preparation
Meat products (beef, chicken and pork) were purchased from local markets in Hyogo Prefecture. Samples were chopped in a food processor and stored at Ϫ20°C until analysis. The samples, fortified with 185 pesticides at 0.01 mg/g and 0.10 mg/g, were prepared daily for recovery tests. IS solution was added except to the blank sample. The sample preparation was performed as previously described.
3) Briefly, the sample was extracted with ethyl acetate-cyclohexane (1 : 1) and evaporated to near dryness, and then redissolved in acetone-cyclohexane (1 : 3). After loading the extract onto the GPC system, Fraction 1 (11.9-13.2 min: from the peak time to the end of acrinathrin) and Fraction 2 (13.2-29.0 min: from the end of acrinathrin to the end of tricyclazole) were collected, respectively. Fraction 1 was cleaned up by the PSA minicolumn SPE, followed by silica-gel mini-column SPE. The eluate was combined with Fraction 2 and then evaporated to dryness. The residue was dissolved in acetone-n-hexane (1 : 1) for GC-MS analysis, and an aliquot of the solution was redissolved in acetonitrile for LC-MS analysis. Figure 1 summarizes the procedure.
Validation test
To prove its validity, the developed method must meet the criteria for certain validation characteristics. The validation characteristics to be considered are selectivity, limit of quantitation (LOQ), recovery and precision.
4)
4.1. Selectivity The absence of interference peaks for the quantitation of target compounds was confirmed by analysis of the blank sample under experimental conditions. When an interference peak was observed, it was judged whether the area of the interference peak was less than one-third of the peak area corresponding to the LOQ of each pesticide.
4.2. LOQ LOQ was set at 0.01 mg/g and it was judged whether the peak of each pesticide corresponding to 0.01 mg/g was S/N Ն10.
Recovery and precision
The guideline recommended that the recovery test should be conducted with 2 different fortified levels, which were set at 0.01 mg/g and 0.10 mg/g. The recovery test was conducted with a nested design (two analysts each analyzed 2 fortified identity samples a day and this continued for 3 days) to evaluate repeatability and intermediate precision at the same time. Repeatability and intermediate precision were calculated from 12 recoveries obtained for each pesticide and each level by one-way analysis of variance with Microsoft Excel. Table 1 shows the acceptance criteria for recovery and precision at each fortified level. The proposed method was evaluated for mean recovery, repeatability and intermediate precision in accordance with these criteria.
Results and Discussion
Validation test
Selectivity
Some interference peaks for the target ions of 4 pesticides (triazophos in beef, chicken and pork, diclofop-methyl in beef and pork, carboxin in chicken and parathion oxon in beef) were observed, but these pesticides could be quantitated with qualifier ions. For other pesticides, interference peaks over one-third of the peak area corresponding to the LOQ (0.01 mg/g) were not ob-served.
These results could be attributed to cleanup by a combination of GPC and mini-columns SPE. Ueno et al. also indicated the need for cleanup by a combination of GPC and mini-columns SPE, and developed a method including cleanup by GPC followed by graphitized carbon/PSA mini-column SPE.
2) The method gave good results (high sensitivity, high selectivity and good recovery) using NCI mode GC-MS and GC-mECD; however, in our method using EI mode GC-MS, PSA and silica-gel mini-column SPE were used in order to eliminate interfering compounds (cholesterol, monoglycerides and fatty acids). Because highly polar pesticides were also retained on a silica-gel mini-column, the collecting time of Fraction 1 in GPC was set as short as possible. We set the optimum collecting time of Fraction 1, 3) which led to effective elimination of the interfering compounds and detection of many pesticides with a wide range of polarity.
LOQ
All pesticides tested were confirmed to have an LOQ of 0.01 mg/g (S/N Ն10).
Recovery and precision
The results of the recovery test for 185 pesticides are summarized in Table 2 , and the details are shown in Supplemental Table  S3-S6 .
Among the 185 pesticides tested, 175 in beef, 175 in chicken and 172 in pork were found to meet the acceptance criteria for recovery and precision when the recovery data were calculated with solvent standard. On the other hand, 181 in beef, 176 in chicken and 177 in pork were found to meet the criteria when calculated with the matrix-matched standard. Ethyl acetate-cyclohexane (1 : 1) as an extracting solvent was suitable for a wide range of pesticide polarity. The mixed solvent was found to successfully Vol. 36 extract highly polar pesticides (acetamiprid, clothianidin, imidacloprid and thiamethoxam), not targeted in the official method; however, oxamyl showed low recovery (50.8-77.2%, for all meat products) due to very high polarity (log P ow ϭϪ0.44). 11) Butafenacil had low recovery (42.3-69.1%, for beef and chicken) and considerable variability. Pang et al. also reported that butafenacil showed low recovery (43.3-44.4%), 12) because it was eluted in a discarded fraction of GPC due to its high molecular weight (M.W. 474.8). In our GPC conditions, most butafenacil was eluted in Fraction 2, but some portion (about 30%) was eluted in Fraction 1 and retained on a silica-gel mini-column. Clodinafoppropargyl also showed low recovery (51.8-74.4%, for chicken and pork at 0.10 mg/g), because of possible hydrolysis 11) in the extraction and cleanup steps. The hydrolysate (clodinafop acid) was observed in the fortified samples (Fig. 2) Not added 1 1 6 6 0 0
a) The pesticide met the acceptance criteria for recovery and precision.
b) The pesticide that didn't meet the acceptance criteria for repeatability (RSD %) or intermediate precision (RSD %) Fig. 2 . Extracted ion chromatograms and mass spectra of LC-MS for clodinafop acid detected from extract of pork sample fortified with clodinafop-propargyl at 0.10 mg/g. The standard at 1.0 mg/ml is equivalent to 0.10 mg/g in food.
using the matrix-matched standard. Finally, for all meat products, 170 and 175 pesticides were found to meet all guideline criteria by calculating using the solvent standard and matrix-matched standard, respectively.
Matrix effect
The matrix effect values (recovery calculated with matrixmatched standard divided by that with solvent standard) for each pesticide are summarized in Table 3 . About 90% of pesticides showed acceptable matrix effect values ranging from 0.8 to 1.2 for all meat products. Seven pesticides, including benalaxyl, carbetamide and tetrahydrophtalimide, had low matrix effect values below 0.7, and all were targets for GC-MS analysis. On the other hand, 19 pesticides had high matrix effect values over 1.3, including organophosphorus pesticides such as ethion, fenthion oxon, malathion and profenofos (for GC-MS analysis), and amitraz, dimethoate and imidacloprid (for LC-MS analysis). It is considered preferable to use matrixmatched standard for accurate quantitation.
Monitoring results
We applied this method to routine analysis of pesticides in 36 domestic meat products (beef 12, chicken 12, pork 12) during FYs 2007-2009. p,pЈ-DDE and p,pЈ-DDT were detected from a pork sample and p,pЈ-DDE from a beef sample at trace levels (2-3 ng/g). p,pЈ-DDE, which is a metabolite of DDT, is prone to accumulate in adipose tissue because of its stability and high lipophilicity. Figure 3 shows the extracted ion chromatograms Vol. 36, No. 1, 73-78 (2011) Validation of multi-residue method for pesticides in meat 77 and mass spectra for p,pЈ-DDE in beef extracts. The proposed method, consisting of cleanup by GPC followed by PSA and silica-gel mini-column SPE, allowed analysis at 0.01 mg/g without any matrix interference for all samples, indicating that the method was very effective for regulatory monitoring of meat products for many residual pesticides with a wide range of polarity.
Supplemental Tables S1-S6 are available in the online publication at http://www.jstage.go.jp/browse/jpestics/
